Gravitational lensing is a good probe into the topological structure of dark gravitating celestial objects. In this paper, we investigate the light curve of a light ray that passes through the throat of an Ellis wormhole, the simplest example of traversable wormholes. The method developed here is also applicable to other traversable wormholes. To study whether the light curve of a light ray that passes through a wormhole throat is distinguishable from that which does not, we also calculate light curves without the passage of a throat for an Ellis wormhole, a Schwarzschild black hole, and an ultrastatic wormhole with the spatial geometry identical to that of the Schwarzschild black hole in the following two cases: (i) "microlensing," where the source, lens, and observer are almost aligned in this order and the light ray starts at the source, refracts in the weak gravitational field of the lens with a small deflection angle, and reaches the observer; and (ii) "retrolensing," where the source, observer, and lens are almost aligned in this order, and the light ray starts at the source, refracts in the vicinity of the light sphere of the lens with a deflection angle very close to π, and reaches the observer. We find that the light curve of the light ray that passes through the throat of the Ellis wormhole is clearly distinguishable from that by the microlensing but not from that by the retrolensing. This is because the light curve of a light ray that passes by a light sphere of a lens with a large deflection angle has common characters, irrespective of the details of the lens object. This implies that the light curves of the light rays that pass through the throat of more general traversable wormholes are qualitatively the same as that of the Ellis wormhole.
I. INTRODUCTION
It is well known that general relativity admits the nontrivial topology of spacetimes like wormhole spacetimes as nonvacuum solutions of the Einstein equation. (See Visser [1] for the details of wormholes.) The investigation of observational methods to find wormholes is important to understand our Universe. We can survey wormholes with their gravitational lensing effects. (See [2] [3] [4] [5] [6] and references therein for the details of the gravitational lens.) Kim and Cho [7] and Cramer et al. [8] pioneered the gravitational lensing effects of wormholes.
The gravitational lenses of wormholes with a negative mass [8] [9] [10] and with a positive mass [11] [12] [13] [14] have been investigated for the last two decades.
The Ellis wormhole [15, 16] is one of the simplest wormhole solutions of the Einstein equation with a ghost scalar field and belongs to the Morris-Thorne class [17, 18] . This wormhole is shown to be unstable against spherical perturbations [19] . On the other hand, some wormhole solutions have the metric that is identical to that of the Ellis wormhole as their simplest cases [20, 21] . Bronnikov et al. showed that a wormhole that has the metric identical to that of the Ellis wormhole metric but with electrically charged dust with negative energy density [21] [22] [23] is linearly stable against spherical and axial perturbations [24] . Their result shows clearly that instability of wormholes depends not only on the metric but also on the properties of the matter field that is a source of the metric.
Light rays passing through the Ellis wormhole have been studied by Ellis [15] and the gravitational lensing effects investigated by Perlick [25] . Gravitational lensing by the Ellis wormhole in the strong-field regime has been studied [13, 14, [25] [26] [27] . The visualization of the Ellis wormhole [28] , time delay of light rays [29] , particle collision at a throat [30] , images surrounded by optically thin dust [31] , and effect of a plasma on a shadow [32] have also been investigated.
Recently, the upper bound of the number density of the Ellis wormhole was estimated. Takahashi and Asada [10] have presented the upper bound of the number density ≤ 10 −4 h 3 Mpc −3 for a throat radius parameter a to be in the astronomical scale, i.e., 10 1 ≤ a ≤ 10 4 pc by using the Sloan Digital Sky Survey Quasar Lens Search [33] , which has the largest quasar lens sample in the Sloan Digital Sky Survey [34] . Yoo et al. [35] have given the upper bound of the number density ≤ 10 −9 AU −3 for the daily-life scale throat a ≃ 1cm with the femto-lensing effect of the gamma-ray bursts [36] by the data of the Fermi Gamma-Ray Burst Monitor [37] .
The Ellis wormhole has a vanishing Arnowitt-Deser-Misner (ADM) mass with a gravitational potential that is asymptotically proportional to 1/r 2 , where r is an areal radial coordinate. Abe pointed out that the light curves in the Ellis wormhole spacetime have characteristic gutters both before and after a peak [38] . We can distinguish the light curves of the Ellis wormhole from those of usual massive objects such as planets, stars, black holes, and galaxies with the gravitational lensing effects under the weak-field approximation [10, 25-27, 35, 38-41] .
Since the behavior of the gravitational lensing in the weak gravitational field is solely determined by the line element in the asymptotic region of the spacetime, we cannot find the difference between the wormholes with a positive mass and the usual massive objects under the weak-field approximation. We also cannot distinguish the Ellis wormhole from other exotic objects with an effective potential asymptotically proportional to 1/r 2 by their gravitational lensing effects under the weak-field approximation [29, [41] [42] [43] .
How do we distinguish a traversable wormhole with a positive mass from other massive objects? The wormhole has a throat on a region in a strong gravitational field and light rays can pass through the throat from the other side because of the nonexistence of the event horizon. It may be good to pay attention to phenomena near a wormhole throat for answering the question.
In this paper, we give a method to find wormholes that have a positive or zero mass with their gravitational lensing effects. For simplicity, we concentrate on the Ellis wormhole with a vanishing ADM mass. We investigate the light curves due to light rays coming from another asymptotic region through the throat.
This paper is organized as follows. In Sec. II we review gravitational lenses of light rays that pass through a wormhole throat and then we present the light curves of light rays emitted by a moving source. The latter is our original result. In Sec. III we consider light curves of light rays that do not pass through a wormhole throat to compare the shapes of light curves. We consider microlensing in a usual gravitational lens configuration under the weakfield approximation and retrolensing in the Ellis wormhole, an ultrastatic Schwarzschild-like wormhole, and the Schwarzschild spacetime, where the term "ultrastatic" means that there is a timelike Killing vector that is hypersurface orthogonal and of constant norm. In Sec. IV we discuss our results and conclude the paper. In this paper we use the units in which the light speed and Newton's constant are unity.
II. GRAVITATIONAL LENSING OF A LIGHT THAT PASSES THROUGH A WORMHOLE THROAT
In this section, we review gravitational lensing with an exact lens equation [25] in the Ellis wormhole spacetime and investigate the light curves of a light ray that passes through a throat. The line element in the Ellis wormhole spacetime is given by
where a is a positive constant and the coordinates are defined in the range −∞ < t < ∞, −∞ < r < ∞, 0 ≤ θ ≤ π, and 0 ≤ φ < 2π. 1 Note that the Ellis wormhole is not only static but also ultrastatic, i.e., g tt = const. To consider geodesics, we assume θ = π/2 without loss of generality because of spherical symmetry.
A. Initial conditions
We consider that a past-oriented null geodesic starts from an observer. We impose the initial conditions of the null geodesic
2)
3)
where λ is an affine parameter and we have set λ = 0 at r = r O and φ = 0, the location of the observer, and Θ is the colatitude coordinate on the observer's sky.
1 The radial coordinate r is a proper radial distance from a wormhole throat denoted as l in Ref. [17] .
Since the Ellis wormhole spacetime is static and spherically symmetric, we have conserved
and conserved angular momentum
along the null geodesic from Eqs. (2.5) and (2.7).
From Eqs. (2.8) and (2.9) and k µ k µ = 0, where k µ is the photon wave number, we obtain
We can check easily that Eq. (2.10) satisfies the initial condition (2.2)-(2.7) at λ = 0.
B. Configuration of the gravitational lens
We concentrate on a past-oriented null geodesic that passes through a throat at r = 0 and it reaches a source at λ = λ S > 0, where t = −λ S < 0, r = r S > 0, and φ = (Φ mod 2π);
Φ is the azimuthal angle swept out by the null geodesic from the observer to the source.
The configuration of the gravitational lens is depicted in Fig 1. We define Ψ as an angle between the r axis and the tangent of the past-oriented null geodesic at the source, where
, and the definition of Ψ, we obtain
Since the angular momentum (r 2 + a 2 )dφ/dλ is constant along the geodesic, from Eqs. (2.9) and (2.13), we obtain
Since the right-hand side of Eq. (2.10) should be non-negative in the region r O ≤ r ≤ r S , at least, must be satisfied, where We define angular diameter distance and luminosity distance in a static spherically symmetric spacetime with the line element given by
The Ellis wormhole spacetime has g tt (r) = −1, g rr (r) = 1, and g θθ (r) = r 2 + a 2 . We follow the definitions by Perlick [25] .
A light ray is given by a solution (Θ, Φ) of a lens equation,
We obtain an infinitesimally neighboring light ray as a solution (Θ + dΘ, Φ + dΦ) of the lens equation which can be expressed as
The radial angular diameter distance D r ang is defined as 20) where g θθ (r S ) cos ΨdΦ is the distance between the original light ray and the infinitesimally neighboring light ray in the direction perpendicular to the original light ray shown in Fig. 2 . We consider an infinitesimally neighboring ray made by an infinitesimal rotation with an infinitesimal angle dθ around the axis φ = 0 on the equatorial plane θ = π/2 that is generated by the Killing vector K = sin φ∂ θ . The distance between the original ray at r = r S , θ = π/2, and φ = Φ and the infinitesimally neighboring ray is given by g θθ (r S ) sin Φdθ.
The tangential angular diameter distance is defined as the distance over the observer's angle sin Θdθ between the original ray and the infinitesimally neighboring ray,
The angular diameter distance D ang is given by
From a well-known reciprocal relation between the luminosity distance D lum and the angular diameter distance D ang
where z red = g tt (r O )/g tt (r S ) − 1 is the redshift, we obtain the luminosity distance D lum as
in the Ellis wormhole spacetime because of z red = 0.
D. Primary and secondary images
It is well known that an infinite number of images appear near a light sphere because of the strong gravitational field [25, 44] . In this paper, we define a primary image as the image due to the light ray that sweeps the smallest winding angle |Φ|. We similarly define secondary, tertiary, and quaternary images according to the winding angle |Φ| swept out by the light ray. In the following, we mainly discuss the primary and secondary images.
Only when we cannot ignore the effects of higher-order images will we discuss them. We concentrate on the images of the source in the range 0 ≤ φ < π because we can obtain images of the source in the range π ≤ φ < 2π from symmetry with respect to φ = π.
From Eqs. (2.9) and (2.10), Φ is obtained as 25) where 0 ≤ h ≡ sin Θ/ sin δ I ≤ 1 and I is defined by
and F (ϕ, k) is the elliptic integral of the first kind defined as
Equation ( From Eq. (2.10) and λ S = T , the travel time T is given by
where J is a regular integral given by 
The relationship between the travel time excess T − T 0 and the azimuthal angle φ. We put a = 10 −2 pc and r S = −r O = 10 kpc. Solid (red) and broken (green) curves denote the primary and secondary images, respectively.
where E(ϕ, k) is the elliptic integral of the second kind that is defined as
and E(k) is the complete elliptic integral of the second kind defined as E(k) ≡ E(π/2, k). where m 0 is a constant given by
The relative magnitude ∆m is plotted as a function of the azimuthal angle φ in Fig. 5 . ∆m of the primary image diverges at φ = π, while that of the secondary image diverges at both φ = 0 and φ = π. The divergence occurs since a thin bundle of light rays collapses on the axis of symmetry, where D t ang = 0.
E. Light curves
In this subsection, we consider light curves due to light rays coming from the other side of the throat. We assume a = 10 −2 pc and r S = −r O = 10 kpc for reference. In this case, δ I ∼ 10 −6 rad. We consider two cases where a source moves with a velocitŷ v = 3 × 10 −15 rad/s on the source plane near half-line axes φ = 0 and φ = π. We denote the closest separation between the source and the axis φ = 0 by β. We also denote the closest separation between the source and the axis φ = π by the same symbol β. Figure 6 illustrates the situation projected on the source plane.
If the relative velocity of the source with respect to the lens and the observer is sufficiently small, we can apply the static gravitational lens system discussed in Sec. II for a lensing event.
In other words, we consider the change of the source position φ = φ | λ=λs but not The source moves with a velocityv either near the half-line axis φ = 0 or π on the source plane.
The closest separation between the source and φ = 0 or π is denoted by β.
Source passing by φ = π
Here, we assume that the source passes by φ = π, i.e., φ = π − ǫ, where ǫ(≪ 1) is given by ǫ = β 2 +v 2 t 2 . Note that we have set the time t = 0 when the source is at the closest separation β to the axis φ = π. Thus, the coordinate φ of the source is expressed by
(2.36)
The light curves of the primary image with Φ = π − ǫ are plotted in Fig. 7 . The peak magnitude of the light curve depends on β.
As inferred from Tertiary and higher-order images are much fainter than the primary and secondary images [25] . So, when the source is at φ = π, a pair of the primary image with Φ = π and the secondary image with Φ = −π constitutes the brightest and innermost Einstein ring among an infinite number of Einstein rings.
Source passing by φ = 0
Next we assume that the source passes by φ = 0, i.e., φ = ǫ, where ǫ(≪ 1) is given by ǫ = β 2 +v 2 t 2 . Then, the azimuthal angle φ of the source is given by
If β is sufficiently small, the relative magnitude ∆m of the primary image with Φ = ǫ is almost 0 and constant. β. Since the secondary image is much brighter than the primary image, we can ignore the effect of the primary image on the light curves.
The light curves of the tertiary image with Φ = 2π + ǫ are very similar to that of the secondary image with Φ = −2π + ǫ both in shape and magnitude because of symmetry with respect to φ = 0. These two images are a pair of relativistic images due to light rays that have passed around the light sphere of the wormhole with winding numbers ±1 along almost symmetric orbits. It is known that the relativistic images of such a pair have almost the same brightness [44] . The time difference of the peaks of the light curves of the secondary and tertiary images is given by 2aβ. Thus, the observed light curve is twice as bright as that of the secondary image, if these two light curves cannot be separated.
Quaternary and higher-order images are much dimmer than the secondary and tertiary 
III. GRAVITATIONAL LENSING OF A LIGHT THAT DOES NOT PASS THROUGH A WORMHOLE THROAT
In this section, we investigate light curves in microlens and retrolens configurations and compare them with those obtained in Sec. II.
A. Deflection angle
We investigate the deflection angle of a light ray that does not pass through a wormhole throat in an ultrastatic Schwarzschild-like wormhole spacetime and review the ones in the Schwarzschild and Ellis spacetimes.
An ultrastatic Schwarzschild-like wormhole
We consider an ultrastatic Schwarzschild-like wormhole with a line element
where M w is the mass and −∞ < t < ∞, 2M w ≤ ρ < ∞, 0 ≤ θ ≤ π, and 0 ≤ φ < 2π. This wormhole spacetime has three nonzero components of the Ricci tensor given by
but the Ricci scalar vanishes. The throat is at ρ = 2M w . We introduce a coordinate r taking a range −∞ < r < ∞ defined by
where the upper (lower) sign is chosen when r > 0 (r < 0). We can integrate it and obtain
Using r, the line element is rewritten as
and the throat is at r = 0. We can assume that θ = π/2 without loss of generality. The trajectory of a light ray is given byṙ
where˙denotes a differentiation with respect to an affine parameter and E ≡ṫ > 0 and L ≡ ρ 2 (r)φ are the conserved energy and angular momentum, respectively. The wormhole has a light sphere at r = 0 and it coincides with the throat. We define the impact parameter of a light ray as b ≡ L/E. As long as we consider one light ray, we can assume that L and b are non-negative without loss of generality. A light ray does not pass the throat if b > 2M w while it does if b < 2M w .
We consider the case of b > 2M w . A light ray comes from an infinity and it is deflected by a wormhole without passing the throat. The closest distance of a light ray from the wormhole is given by ρ = b. The deflection angle α of a light ray is given by
where I 1 is defined by
Under the weak-field approximation b ≫ M w , the deflection angle becomes
Notice that the leading term of the deflection angle is just half of the one in the Schwarzschild spacetime because the (t, t) component of the metric tensor g tt = −1 in the wormhole spacetime does not contribute to the deflection angle while g tt = −1 + 2M s /ρ, where M s is the ADM mass, in the Schwarzschild spacetime does. The deflection angle diverges in a strong deflection limit b → b c ≡ 2M w . We consider the deflection angle in the strong deflection limit b → b c in the following form [45, 46] :
whereā is a positive constant andb is a constant. In ultrastatic spacetimes, a well-known method to obtain the deflection angle in the strong deflection limit investigated by Bozza [45] does not work since several equations diverge. We will use an extended method for ultrastatic spacetimes to calculate it [46] . The integral I 1 can be rewritten as
where z is a variable defined as
and f (z, b) is given by
where c 1 (b) ≡ 2(b−2M w ) and c 2 (b) ≡ −b+6M w . Since in the strong deflection limit b → 2M w we obtain c 1 → 0 and c 2 → 4M w , we notice that the leading order of the divergence of f (z, b)
is z −1 . We separate the integral I 1 into
where I D is a divergent part and I R is a regular part . We define the divergent part I D as
where
In the strong deflection limit b → b c = 2M w , I D becomes
The regular part I R is defined by
In the strong deflection limit b → b c , the regular part is given by
From Eqs. (3.8), (3.15) , (3.18) , and (3.20), the deflection angle in the strong deflection limit is obtained as
Thus, we obtainā =
The Schwarzschild spacetime
We review a deflection angle in the Schwarzschild spacetime. The line element is given by 
In the strong deflection limit b → b c = 3 √ 3M s , the deflection angle becomes [45] 
Thus, we obtainā = 1 andb = log[216(7 − √ 3)] − π.
The Ellis wormhole spacetime
We briefly review the deflection angle of a light ray in an Ellis wormhole spacetime. If b > b c ≡ a, the light ray does not pass the wormhole throat and its deflection angle is given by [26] 
Under the weak-field approximation b ≫ a, the deflection angle becomes
The deflection angle in the strong deflection limit b → b c = a is obtained as [46] 
Thus, we getā = 1 andb = 3 log 2 − π. We summarizeā,b, and b c in Table I . Ellis wormhole 1 3 log 2 − π a
A usual configuration for microlenses. A light ray emitted by a source at a source angle φ bends with a deflection angle α and reaches an observer with an image angle θ. We assume |α| ≪ 1, |θ| ≪ 1, and |φ| ≪ 1.
B. Microlens in a usual lens configuration under the weak-field approximation
We consider microlenses [47] in a usual lens configuration under the weak-field approximation. Figure 9 shows the lens configuration. We consider a small angle lens equation
given by
where φ is a source angle, θ is an image angle, and d LS and d OS are the distances from a source to a lens and to an observer, respectively. In this subsection, we assume that |α| ≪ 1, |θ| ≪ 1, and |φ| ≪ 1. The distance from the observer to the lens is given by
Note that the impact parameter b = d OL θ cannot be only positive but also negative in this subsection.
We consider a general spherical lens model with a deflection angle
where C is a positive constant and n is a positive integer [41] . The sign is a lower one if θ is negative and n is even; otherwise it is upper one. Under the weak-field approximation, the deflection angle is equivalent to the one in the Ellis wormhole spacetime when n = 2 and C = πa 2 /4, the Schwarzschild spacetime when n = 1 and C = 4M s , and the ultrastatic Schwarzschild-like wormhole spacetime when n = 1 and C = 2M w .
From Eqs. (3.28) and (3.29) , the lens equation is rewritten as
whereθ ≡ θ/θ 0 andφ ≡ φ/θ 0 and
is the unique positive solution of the lens equation for φ = 0, i.e., the Einstein ring angle.
Given φ and n, we find only a positive solutionθ + and a negative solutionθ − [41] . The total magnification µ tot of the two images is given by 32) where the magnifications µ + and µ − of the positive imageθ + and the negative imageθ − are defined as
and
respectively.
We consider the light curves of microlenses by massive objects and an Ellis wormhole. We assume d OL = d LS = 10kpc and d OS = 20kpc and a source moves with the velocity 200km/s on the source plane. We set M s = 1.5km, M w = 2M s = 3km, and Fig. 10 . We see that the light curves in the Ellis wormhole spacetime have demagnified periods as pointed out by Abe [38] . The demagnified light curves apparently violate a known magnification theorem that the total magnification by an isolated mass lens is always larger than unity. The Ellis wormhole, however, is not described by an isolate mass lens since it has a vanishing ADM mass and its gravitational potential is asymptotically proportional to 1/r 2 . In the rest of this subsection, we show the existence of the demagnification by an Ellis wormhole in a simple analytical calculation. We concentrate on the behaviors of the magnification at 1 ≪φ ≪ θ −1 0 assuming θ 0 ≪ 1. The angle and the magnification of images are obtained asθ 38) respectively. Notice that the subleading terms depend on n and that the second term of the right-hand side in Eq. (3.37) vanishes when n = 1. The total magnifications are
, and µ tot ∼ 1 + (1/n)φ −2/n−2 for n = 1 (mass lens), n = 2 (Ellis wormhole), and n > 2, respectively.
The derivatives of |µ + | and |µ − | with respect toφ are given by
and 40) respectively, where ′ denotes differentiation with respect toφ. For n = 1 (mass lens), n = 2 (Ellis wormhole), and n > 2, the derivatives of the total magnification are obtained as
, and µ ′ tot ∼ −2n −2 (1 + n)φ −2/n−3 , respectively. Hence, the light curves for n = 1 (mass lens) have at least one local maximum that is larger than unity while the ones for n = 2 (Ellis wormhole) have at least one local minimum that is smaller than unity.
2 Figure 10 shows that µ tot monotonically increases in time, reaches the maximum peak value, which is greater than unity, and then monotonically decreases for n = 1. However, for n = 2 (the Ellis wormhole), µ tot first decreases. The following behavior is divided into two cases, depending on the value of the closest separation. In the first case, it monotonically decreases to the unique minimum value, which is smaller than unity, and then monotonically increases. In the second case, it decreases to the first minimum, which is smaller than unity, increases to a local maximum value, decreases to the second minimum, which is the same as the first one, and then monotonically increases.
C. Retrolensing
In this subsection, we discuss light curves of retrolensing [48] [49] [50] . We concentrate on a case where a point source S emits a light ray in a direction E and it is reflected near a light sphere of a lens L. An observer O sees an image I. The lens configuration is shown in Fig. 11 . We use a lens equation proposed by Ohanian [51] and discussed in [50, 52] , 
where γ is a source angle defined as the supplementary angle of ∠OLS, α is the deflection angle, θ is an image angle given by ∠IOL, andθ is ∠ESL. We concentrate on a positive impact parameter b. We assume that the lens, the observer, and the source are almost aligned in this order. From this assumption, we obtain γ ∼ π and 
See Table I 
IV. CONCLUDING REMARKS
We have investigated light curves due to light rays passing through an Ellis wormhole throat with the throat radius a. We concentrate on the cases where a source passes by φ = π and φ = 0.
In the case where the source passes by φ = π, a pair of the primary and secondary images is the brightest among an infinite number of images. Tertiary and higher-order images are fainter than them. In the case where the source passes by φ = 0, a pair of the secondary and tertiary images has a dominant contribution to the light curve. The two images are a pair of relativistic images due to light rays that have passed around the light sphere with almost symmetric orbits. The primary, quaternary, and higher-order images are fainter than them.
By comparing the two cases, we notice that the former pair is brighter than the latter pair if the closest separations β are the same.
In the both cases, the light curves of the pair of images are similar both in shape and magnitude. The time difference of the two peaks of the light curves is given by 2aβ. If the time difference is too short, an observer does not separate the two light curves and he or she regards them as a single light curve with a single peak. When the source passes by φ = π, a pair of the tertiary and quaternary images appears slightly outside a pair of the primary and secondary images. The light rays of the tertiary and quaternary images reach the observer later than the ones of the primary and secondary images. Since T − T 0 ∼ a |Φ| +const for |Φ| π, the time difference between the two pairs is estimated to 2πa, which is much longer than 2aβ, the time difference of the peaks of the primary and secondary images. If the time scale of the lensing is shorter than 2πa, the observer can separate the second peak of the light curve from the first peak. If we distinguish the two peaks of the two pairs, we can estimate the proper length of the throat from the observed time difference. This is also the case for a source passing by φ = 0.
We have investigated the light curves of retrolensing by an Ellis wormhole, an ultrastatic Schwarzschild-like wormhole, and a Schwarzschild black hole. We notice that the shapes of Since the Ellis wormhole has a vanishing ADM mass and its gravitational potential is asymptotically proportional to 1/r 2 , a well-known magnification theorem that the total magnification of images lensed by an isolated mass is always larger than unity under the weak-field approximation cannot be applied to gravitational lenses by the Ellis wormhole.
In fact, under the weak-field approximation, the light curve of the sum of primary and secondary images in the Ellis wormhole spacetime has gutters on both sides of the peak, if the source and the observer are on the same side of the throat or r S r O > 0 [38] . In this paper, we have shown analytically the existence of demagnified light curves in the Ellis wormhole spacetime under the weak-field approximation. Thus, if we observe both the characteristic demagnified light curves and the characteristic light curves caused by their light sphere, which have been found in the current paper, the lensing object can be regarded as a candidate of an Ellis wormhole.
Our method can also apply for traversable wormhole spacetimes with a positive mass. In the current paper, we have considered a light ray that is emitted by a point source and then strongly deflected by a lens object in the vicinity of its light sphere. We conjecture that the light curves of such light rays are very similar in shape, whether the lens is an isolated mass or a wormhole. This conjecture should be tested in future work. Given light curves of light rays deflected by light spheres, the absolute brightness of the source, and the details of the lens configuration such as distances and the closest separation β, we obtain not only the mass but also information on the full metric of spacetimes. It is well known that MorrisThorne wormholes violate the weak energy condition at least at the throat if we assume general relativity [17] . The detection of light curves made by light rays deflected by a light sphere investigated in this paper does not tell immediately the existence of violation of the weak energy condition but if we identify the details of the lens configuration by wormholes and gravitational theory, the observed light curves provide evidence for violation of the weak energy condition. We hope that this paper stimulates further work in this direction.
